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midgut, salivary glands, and saliva of artificially fed C. quinquefasciatus. Additionally, we collected ZIKV-infected C. quinquefasciatus from urban areas of high microcephaly incidence in Recife, Brazil. Take into account; these findings indicate that there may be a wider range of vectors for ZIKV than anticipated.
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Zika is classically considered a mild disease whose symptoms include fever, joint pain, rash and, in some cases, conjunctivitis (1). However, the Zika outbreak in Brazil has been associated with an increased incidence of neonatal microcephaly and neurological disorders (2, 3) . Zika virus (ZIKV) is a poorly known, small, enveloped RNA virus with ssRNA (+) belonging to the Family Flaviviridae. It was first isolated in April 1947 from a rhesus monkey and in January 1948 from the mosquito species Aedes africanus (4) . Since then, several ZIKV strains have been isolated from many samples, mostly mosquitoes, including species from the genera Aedes, Mansonia, Anopheles and Culex (5) .
The first known Zika epidemic in an urban environment occurred in Micronesia in 2007, with approximately 73% of the human population on Yap island becoming infected (6) .
Intriguingly, although many Aedes mosquitoes were collected in the field and evaluated for virus detection, no samples were found to be positive for ZIKV (6) . Additionally, it is important to highlight that Aedes aegypti (A. aegypti) is absent from most islands in the Micronesia archipelago and is very rare on the islands where it is present (6, 7) .
There is a global consensus among scientists and health agencies that Aedes spp. are the main ZIKV vector in urban areas (WHO, 2016) . This is in part because vector competence experiments for ZIKV have been conducted exclusively for species of this genus, mainly A.
aegypti (8, 9) . Previous laboratory studies (8, 10) suggested that A. aegypti is a ZIKV vector.
Recently, high rates of dissemination and transmission of the ZIKV in A. aegypti has been observed under laboratory conditions (11) . Intriguingly, a few studies show that A. aegypti and Aedes albopictus populations have low rates of ZIKV transmission (12) or none (13, 14) , but the role of other vectors in the spread of ZIKV has been overlooked. Thus, other mosquito species, co-existing with A. aegypti in urban areas, could contribute to ZIKV transmission (15) . Here, we report data that support the idea that Culex quinquefasciatus, the most common mosquito in tropical and subtropical areas, is a potential ZIKV vector. We performed mosquito vector competence assays under laboratory conditions, comparing both A. aegypti and C. quinquefasciatus using different virus doses, as well as the detection of ZIKV in wild C. quinquefasciatus mosquitoes. ZIKV was detected in salivary glands and in the saliva of artificially fed C. quinquefasciatus mosquitoes, suggesting that this species is a potential vector for ZIKV transmission. Taken together, our results have implications for vector control strategies and understanding the epidemiology of ZIKV.
Vector competence assays
Artificial blood feeding assays were performed using two laboratory-reared colonies: RecLab (A. aegypti) and CqSLab (C. quinquefasciatus) and a field-collected population of A. aegypti quinquefasciatus. During the extrinsic incubation period, a high mortality rate was observed in the infected group a few days after blood feeding, with peak mortality observed between 3-5 dpi. In A. aegypti populations, the mortality rate ranged from 48% to 52%; in C. quinquefasciatus mosquitoes, it ranged from 33% to 44% (data not shown).
In both species, we detected ZIKV in the midgut at most time-points under study, except in field-collected A. aegypti (FN) blood fed at a low viral dose (10 4 PFU/ml). In the salivary glands of A. aegypti, we detected ZIKV-positive samples at 3 dpi for both viral doses.
Although variations in infection were observed, the IR between Aedes and Culex mosquito's species was not statistically significant ( Fig 1A) . Analysing only Culex species, the differences in IR were not statistically significant comparing different viral doses (p>0.05).
When a high viral dose (10 6 PFU/ml) was used during artificial feeding, the SR reached an average of 60% in A. aegypti RecLab, and 100% in C. quinquefasciatus at 7 dpi, but this average declined to 20% at 15 dpi in Culex and to 50% in A. aegypti. However, this difference was not significant (p>0.05) ( Fig 1B) . When a lower viral dose was used, for both A. aegypti populations (lab and field-caught), we observed that the mosquito lab colony infection rate was higher than field-caught mosquitoes ( Figure 1A p=0.0186), although there were no differences in SR ( Figure 1B p>0 .05). The maximum SR in Culex at lower viral dose, was 10% at 3dpi declining to zero after 15 dpi (p>0.05) ( Fig. 1B) . We also sampled mosquitoes at 11 dpi in the first trial, except for field-collected A. aegypti (FN), which had a SR of 10%;
neither C. quinquefasciatus nor A. aegypti samples from the lab were ZIKV positive (data no shown).
RT-qPCR was used to quantify ZIKV RNA load at the different time-points. In general, viral RNA copies in A. aegypti RecLab in the midguts and salivary glands varied considerably.
Both A. aegypti FN and C. quinquefasciatus viral copies in target organs (midgut and salivary glands) remained detectable ( Fig. 2A to D). To evaluate ZIKV transmission in saliva for both species, honey-soaked filter papers (FTA Classic Cards, Whatman ® , Maidstone, UK) were offered to mosquitoes to feed upon 8-14 dpi. At 9-12 dpi, ZIKV RNA was detected in saliva of both A. aegypti and C. quinquefasciatus species (Fig. 3 ). When a high viral dose (10 6 ) was used, the amount of viral RNA copies expectorated during salivation in both Aedes and Culex were similar at all time-points analysed (p>0.05). However, when the mosquitoes were challenged with a low viral dose (10 4 ), A. aegypti expectorated more RNA viral copies than Culex (p=0.0473).
Transmission Electron Microscopy
To further confirm our results from RT-qPCR, we performed a transmission electron microscopy from dissected salivary glands from C. quinquesfaciatus infected mosquitoes. The morphological organization of C. quinquefasciatus salivary glands showed an electron-dense apical cavity, displaying membrane projections extending from the wall ( Fig. 4 A,B ). ZIKV infected salivary acinar cells of C. quinquefasciatus showed signs of cytopathic disruptions, including cisternae in the endoplasmic reticulum and tubular proliferated membranes, organized in several patches within a single cell ( Fig. 4C, D) . Mature ZIKV particles of 40-50 nm in diameter, composed of a central electrodense core (~30 nm in diameter) surrounded by a viral envelope, were observed inside the dilated endoplasmic reticulum ( Fig. 5A to D). In some regions, viral envelope formation is shown to arise from endoplasmic membrane ( Fig.   5B ). Some ZIKV virions were observed proximal to the apical cavity of the salivary cell.
Mitochondria also showed severe damage, including complete loss of cristae ( Fig. 5D ). In summary, transmission electron microscopy analysis confirmed that C. quinquefasciatus mosquitoes are permissive to ZIKV infection, since viral particles were detected at the salivary glands of artificially fed mosquitoes.
ZIKV detection in field-caught C. quinquefasciatus
Lastly, we conducted ZIKV surveillance (February to May 2016) with mosquitoes collected with a battery-operated aspirator device (Horst ® ) from residences inhabited by individuals with clinical symptoms of zika fever. Field-collected mosquitoes were sorted by place of collection, species, sex, feeding status (engorged and not engorged) and grouped in pools of up to 10 mosquitoes. A total of 1,496 adult C. quinquefasciatus and 408 A. aegypti female mosquitoes were collected from different sites in the Metropolitan Region of Recife ( Fig. S1 ).
These mosquito pools were grinded in Leibovitz medium supplemented with 5% FBS. These samples were separated into two aliquots, one for RT-qPCR and the other for virus isolation. Sequence was deposited at GenBank, and accession number is still to be provided.
Discussion
Our work has associated a second mosquito genus in ZIKV transmission cycle in Northeastern Brazil. We showed that, C. quinquefasciatus, also known as the southern house mosquito, which is the most common mosquito in urban areas in Brazil, is susceptible to infection with ZIKV during experimental blood feeding; moreover, we found that ZIKV has an active replication cycle in the salivary glands and being subsequently released in the saliva.
In addition, we were able to detect ZIKV circulating in wild C. quinquefasciatus collected from Recife.
Although it is widely assumed that A. aegypti is the main ZIKV vector, previous vector competence studies are inconclusive. In the present study, a low dose of ZIKV (10 4 PFU/ml) was used for comparison with the higher doses used in previous studies (11, 12, 14) . We found that both A. aegypti and C. quinquefasciatus can be experimentally infected by ZIKV even at low doses and that ZIKV virus was subsequently detected in the saliva.
Cornet et al. (10) concluded that not all infected mosquitoes could transmit the virus and could not always transmit it, in contrast to the idea that once infected, a mosquito would transmit virus for its entire life. This finding suggests that a time window for vector-borne ZIKV transmission may exist. We found that after 11 dpi, most samples were negative for ZIKV (apart from one positive salivary gland of A. aegypti given 10 To confirm that the virus detected in the salivary glands by RT-qPCR was being released in saliva during consecutive blood meals, we followed up the viral load from days 8 to 14 postinfection using filter paper cards. This strategy of viral RNA detection directly from FTA cards has been employed in previous studies for arbovirus surveillance (16, 17) . In the present study, we successfully detected ZIKV RNA copies in cards from A. aegypti and C.
quinquefasciatus populations. This result demonstrates that in addition to being susceptible to ZIKV infection, allowing virus replication in the salivary glands, both species are capable of effectively transmit ZIKV.
RT-qPCR results were confirmed by transmission electron microscopy. The general mature ZIKV morphology observed on the salivary glands confirmed previous ultrastructural studies (18) (19) (20) . In salivary glands cells, ZIKV replication causes cytopathic effects by 7 dpi. Similar results have been shown for West Nile virus (WNV) (21, 22) , although we did not directly observe ZIKV nucleocapsids budding from endoplasmic reticulum membranes nor from the tubular proliferated membrane (21) . The fact that we found salivary glands positive for ZIKV when the midgut of the same mosquito was negative indicates that mosquitoes may be clearing viral infection in the midgut while virus replication continues in the salivary glands.
This finding has implications for the analytical methods employed in vector competence studies.
Currently, there is a lack of studies investigating Culex vectorial competence for ZIKV. (25), along with Japanese encephalitis virus (26) and equine encephalitis virus (27) . Our present study indicates that C. quinquefasciatus mosquitoes may be involved in ZIKV transmission in Recife. Thus, it is now necessary to understand the contributions of each species in transmission to target each one properly. In conclusion, considering its high abundance in urban environments and its anthropophilic behaviour in Brazil (28) (29) (30) , C. quinquefasciatus may be a vector for ZIKV in this region. 
Figure Legends

Material and Methods
Mosquitoes
The present study was conducted using two laboratory colonies of mosquitoes and field- (32, 33) . The mosquitoes were kept in the insectary of the Department of Entomology, FIOCRUZ/PE, under standard conditions described above. Larvae were maintained in plastic trays filled with potable water and were fed solely on cat food (Friskies ® ), while adults were given access to a 10% sucrose solution until they were administered defibrinated rabbit blood infected with the ZIKV.
Virus strain
Experimental infections of mosquitoes with ZIKV were conducted using the ZIKV BRPE243/2015 strain derived from the serum of a patient with an acute maculopapular rash in Pernambuco State, Brazil, during the 2015 outbreak. This strain was named ZIKV/H. sapiens/Brazil/PE243/2015 strain, according to the nomenclature described by Scheuermann (34) . Following isolation, the virus was passed once on A. albopictus C6/36 cells. Viral stocks were then produced in Vero cells and stored at −80°C until use. Prior to oral infection, the stock viral titer was calculated via plaque assay on Vero cells and reached 10 6 plaque-forming units per millilitre (PFU/mL).
Artificial feeding
We conducted two artificial-feeding assays using a viral stock concentration of 10 6 PFU/ml and a 100-fold diluted viral stock. Of note, in the first artificial feeding assay, frozen virus sample was mixed with defibrinated rabbit blood. In the second assay, ZIKV BRPE243 was first grown in Vero cells at a multiplicity of infection (MOI) of 0.5 for 4-5 days. Subsequently, the cell culture flasks were frozen at -80°C, thawed at 37°C twice, and then mixed with defibrinated rabbit blood in a 1:1 proportion. Seven-to tenday-old female mosquitoes that were under a 10% sugar solution were starved for 18 hours prior to artificial feeding. Mosquitoes were exposed to an infectious blood meal for 90 minutes, as described in Salazar et al. (35) , with minor modifications. Briefly, infectious blood was provided in a membrane-feeding device, placed on each mosquito cage. The blood feeding was maintained at 37ºC, by using heat packs during the process. Fully engorged mosquito females were cold anesthetized, transferred to a new cage and maintained in the infection room for 15 days. Both assays included a control group fed on uninfected culture cells mixed with defibrinated rabbit blood. After the infectious blood meal was administered, the mortality rate was estimated daily for each cage, including that of the control group. Dead mosquitoes were removed from the cages.
RNA extraction and virus detection
Four to fifteen mosquitoes were dissected in order to collect midgut and salivary glands at 3, 7 and 15 dpi. Tissues were individually transferred to a 1.5 ml DNAse/RNAse free microtube containing 300 l of mosquito diluent (36) and stored at -80ºC until further usage. Each tissue was ground with sterile micropestles and RNA extraction was performed with 100 µl of the homogenate. The TRizol ® method (Invitrogen, Waltham, MA) was performed, according to the manufacturer's instructions with modifications as follows. Tissues homogenate (100 l) was mixed with 200 l of Trizol, homogenized by vortexing for 15 seconds and incubated for 5 minutes at room temperature.
Chloroform (100 l) was added to the mixture and the homogenization was performed by shaking tubes vigorously for 15 seconds by hand. Mixture was then incubated at room temperature for 2-3 minutes. Samples were centrifuged at 12,000 x g for 15 minutes at 4ºC. Aqueous phase of each sample was removed and transferred to a new tube containing 250 l of 100% isopropanol. Mixture was incubated at room temperature for 10 minutes and then centrifuged at 12,000 x g for 10 minutes at 4ºC.
Supernatant was removed and RNA pellet was washed with 300 l of 75% ethanol.
Samples were homogenized briefly then centrifuged at 7,500 x g for 5 minutes at 4ºC.
Supernatant was discarded and RNA was then air dried for 15 minutes. RNA pellet was resuspended in 30 l of RNAse free water. After RNA resuspension, samples were treated with DNAse (Turbo TM DNase, Ambion) according to the manufacture's protocol. proportion of infected salivary glands (SR), which is the number of positive salivary glands divided by the total number of salivary glands tested.
Collection of virus-infected mosquito saliva
To confirm if the virus detected by RT-qPCR within the salivary glands could be released during blood feeding meals, we assayed ZIKV in saliva samples. dpi, mosquitoes from each group were exposed to honey-soaked FTA Classic Cards (Whatman ® , Maidstone, UK) to collect mosquito saliva. Each FTA card was prepared in a sterilized Petri dish and soaked in approximately 10 g of anti-bacterial honey (Manuka Honey Blend, Arataki Honey Ltd, New Zealand) and 1 ml of blue food dye for 2 hours.
The blue food dye was used to determine if the mosquitoes had fed on the FTA cards.
After 24 hours of exposure, each card was placed in a 15 ml falcon tube and stored at -80ºC until further use. To extract the RNA, cards were individually placed in a 2 ml microtube with 600 l of UltraPure TM DNase/RNase-Free Distilled Water (ThermoFisher Scientific ® , Massachusetts, USA). These eluted samples were kept on ice and vortexed 5 times for 10 seconds each. This process was repeated for 20 minutes.
RNA was recovered from the FTA cards using the TRIzol ® method and was used to detect ZIKV, as described previously. Center (CPqAM), anesthetized at 4ºC, morphologically identified, sorted by species, locality, sex, feeding status (engorged and not engorged), pooled (1-10 individuals/pool) and preserved at -80°C until assayed for RNA extraction and qRT-PCR as described above. The minimum infection rate (MIR) for ZIKV in adults captured in the field was calculated as: (number of positive pools for ZIKV/total number of mosquitoes tested) x 1000 (39) .
Positive samples were assayed for virus isolation in Vero cells as follows. In a tissue culture tube (TPP ® ), 1 ml of a 5 x 10 5 cells/ml suspension in MEM medium were seeded for 24 h to form a monolayer. After that, the MEM medium was discarded and 1 ml of the filter homogenate (100 l of positive homogenate + 900 l of MEM medium) was inoculated in the cells. After 1h for virus adsorption, 1ml of fresh medium was added to the tissue culture tubes and they were then incubated at 37ºC in 5% CO 2 atmosphere until the detection of cytopathic effect. ZIKV positive samples collected from field mosquitoes were sequenced. Amplicons were generated by RT-PCR using 
Spatial analysis
We georeferenced the points from where mosquitoes were collected using WGS-84 (World Geodesic System), a GPS receiver navigation and processed the data in a QGIS software. We generated a geographical database and performed a kernel density analysis 
